The levels of fatty acids and their distribution were determined in cultures of Bacillus megaterium during growth, sporulation, and germination. Branched-chain pentadecanoates (br-C15) were the principal fatty acids of log-phase cells. Synthesis of branched-chain tetradecanoates (br-C14) during sporulation increased the relative proportion of these branched fatty acids in sporulating cells and in mature spores. The log-phase distribution was reestablished during outgrowth of the spore. The ratio of br-C15 to br-C14 could be radically altered by addition of their respective amino acid precursors, isoleucine and valine, without seriously affecting the sporulation process. The fatty acid composition of each of the purified phospholipids from log-phase cells was the same, indicating that each phospholipid receives a portion of the fatty acid pool present in the cell at the time of its synthesis. Similarly, the fatty acids of each of the spore phospholipids resembled those of the spore extract. Phospholipids accounted for two-thirds of the fatty acids of the log-phase but only one-third of those of the spore.
In the preceding report (1) we described the major phospholipids and their relative abundance during the cycle of growth and sporulation in Bacillus megaterium. That study did not include an examination of the fatty acid components of the phospholipids and other lipid moieties in the course of spore development. We undertook such a study because of the possible importance of the acyl moieties of the lipids in their role in membrane function and other aspects of spore development, structure, and behavior. More specifically we wished to know whether the newly synthesized membranes and the nonphosphatide lipids of spores have distinctive fatty acid patterns. If such patterns do exist, can they be altered without affecting the production of spores?
MATERIALS AND METHODS B. megaterium strain QM B1551 was cultured as described previously (1) , except that glucose was omitted from the growth medium. Cells were harvested by centrifugation for 10 min at 5,000 X g in an International HR1 centrifuge and were washed once with 0.1 volume of 0.1 M NaCl. Spores were harvested by sedimentation for 5 min at 2,000 X g, washed twice with 0.1 volume of 0.1 M NaCI, and finally sedimented for 15 min at 8,000 X g. The hard spore pellet was covered by a loosely packed layer of cell debris. The latter was suspended in a small volume of 0.1 M 82
NaCl, removed by decantation, and discarded. The fatty acid composition of the pellet and that of the debris layer were indistinguishable. Lipid extraction and analysis procedures were those described in the preceding report (1) Chen et al. (4) to measure total phosphate in the chloroform phase. TLC plates were dried for 2 hr in a vacuum desiccator over KOH in order to remove water and acetic acid from the chromatography solvent. This precaution was necessary to avoid interference with the conversion of phospholipid fatty acids to their methyl esters for gas-liquid chromatography (GLC). Spots were scraped from the TLC plates and were converted directly to their methyl esters by incubating for 2 hr at 60 C in tightly stoppered tubes containing 1 ml of 5% H2SO4 in methanol. An equal volume of water was then added and the methyl esters were extracted into pentane (Matheson chromatoquality reagent). A known amount of heptadecanoic acid was added before hydrolysis as an internal standard.
GLC analyses were performed on a Perkin Elmer 881 gas chromatograph, equipped with a 10% polydiethylene glycol succinate column, operated at 165 C at a carrier-gas flow rate of 34 cc/min. Peak areas were measured by weighing Xerox copies of the recording.
Authentic methyl esters of palmitate (C16), isotetradecanoate (i-C14), anteisopentadecanoate (a-C15), isohexadecanoate (i-C16), and anteisoheptadecanoate (a-C17), obtained from Applied Science Laboratories (State College, Pa.), served as reference standards. Their retention times relative to palmitate were as follows: i-C14, 0.41; a-C15, 0.51; i-C16, 0.82; a-C17, 1.24. The fatty acid peaks in our studies were symmetrical and co-chromatographed with these standards. However, we have not clearly defined which branched isomer is present (anteiso or iso) and have therefore considered these fractions simply as one entity. Thus, the i-C14, a-C15, i-C16, and a-C17 peaks will be referred to as br-C14, br-C15, br-C16, and br-C17, respectively.
Hydrolyses of PG by phospholipase A were carried out as described by Bonsen et al. (2) . Lysophosphatidylglycerol (lysoPG) was resolved by TLC in solvent A with an RF between PE and GlcNPG.
Cell counts of log-phase cultures were made by suspending the cells in 5% trichloroacetic acid, a procedure which makes the divisions between cells visible, and determining the average number of cells per chain by phase-contrast microscopy (D. L. Nelson, unpublished data). The number of chains per milliliter was determined with a Petroff-Hauser chamber by use of bright-field microscopy.
RESULTS
Fatty acid composition during growth and sporulation. The major fatty acid component of logphase cells, constituting 70% of the total, was br-C15; the other fatty acids, at levels of 3 to 10% of the total, were br-C14, C16, br-C16, and br-C17 (Fig. la) . This composition resembles that obtained in previous analyses of this organism and also that of other Bacillus species (6).
The composition of each of the phospholipid fractions was not distinguishable from that of the total extract. At this stage, there was 2.9 (i0.5) x 10-1" g of fatty acid per cell. Phospholipid accounted for 65 to 75 % of the fatty acid present. Each phospholipid spot contained 2.0 (0±4.1) moles of fatty acid per mole of phosphate.
Cells in which spore development was underway but in which refractile spores were not yet apparent showed definite changes in fatty acid abundances (Fig. lb) . There were large increases in br-C14 and br-C16, especially in PG; the ratio of br-C15 to br-C14 was thus reduced from a value of about 7 in log-phase cells to about 1 in the sporulating cells. There was a comparable equality of br-C15 and br-C14 in DPG, consistent with the idea that DPG is newly synthesized during this period with PG as a direct precursor (1). The relatively higher br-C15 to br-C14 ratios of PE and GlcNPG may reflect a slower renewal of their fatty acids as compared with PG. Just before the development of refractile forms, these FiG. 1. Fatty acid composition of purified phospholipids during stages of growth and sporulation. Logphase cells (A at 660 nm = 2.0), sporulating cells (just before the appearance of refractility at 7-hr point in Fig. 2) , and spores were harvested and analyzed. The total lipid extract and each of the major phospholipid fractions present were analyzed. At least two minor phospholipids in extracts of spores appeared as poorly resolved spots near the origin; these were pooled and designated as "fraction X." Cleaned, free spores showed the fatty acid patterns which became evident in the sporulating Fio. 4. Fatty acid and phospholipid levels during germination. The pellet from a 400-ml culture ofspores was washed once with 10 ml of 0.1% sodium dodecyl sulfate, twice with 10 ml of distilled water, treated with lysozyme (200 ;&g/mI) for 40 min at 20 C, andfinally washed twice with 10 ml of distilled water. Threefourths of these spores were heat-shocked for 15 min at 65 C and then were diluted into 300 ml of the nutrient broth medium in a rapidly shaking i-liter Klett flask at 37 C. The medium contained 0.05 M tris(hydroxymethyl)aminomethane, pH 7.6, to buffer the dipicolinic acid released during germination (7). Samples were taken at the following time points: when darkening under phase contrast was nearly complete (15 min), when cells began to emerge from the spore coat (60 min), and when the first cell division was discernible in most cells (110 min). Approximately 90% of the original spores darkened, and 80%10 of the darkened spores grew out. cells (Fig. lc) . Each of the phospholipid fraction and the total fatty acid fraction showed a sharply lowered ratio of br-C15 to br-C14 fatty acids as compared to log-phase cells. These spores contained 1.7 (40.3) x 10-"4 g of fatty acid per spore. Phospholipids accounted for only 30 to 45% of this quantity.
The foregoing data indicated a shift in fatty acid proportions during the course of sporulation. A more thorough study of the kinetics of this change and the levels of total phospholipids and fatty acids are shown in Fig. 2 and 3 . It is evident that the major production of br-C14 and br-C16 comes after 4 hr, when the exponential phase of growth is over and the cells are committed to sporulation; the mole fractions of br-C15 and br-C17 decrease because these fatty acids are not synthesized beyond 6 hr and may even decline in amount. Location of the fatty acids in PG as a function of sporulation. By the action of snake venom phospholipase, the 2-acyl fatty acid was removed from PG obtained from cultures at different stages. The fatty acids of the lysoPG produced were compared with those of untreated PG. There was a preferential location of br-C14 in the 2-acyl position, but this is far from exclusive (Table 1) . On the whole, the same fatty acids appeared to be in both the 1-and 2-acyl positions. Fatty acid composition during germination and outgrowth. Cells emerging from dormant spores increased their levels of fatty acids and phospholipids (Fig. 4) . The newly produced fatty acids were predominantly br-C15 with little or no increase in total br-C14 (Fig. 4 and 5) . The distribution of fatty acids, by the time vegetative cell development was complete, again resembled that observed in a log-phase culture (cf. Fig. 3  and 5) .
Influence of nutritional conditions on fatty acid
Fio. 6. Influence of added isoleucine on growth and sporulation. Three parallel cultures of B. megaterium were grown in supplemented nutrient broth medium with the indicated amounts of L-isoleucine added. The A values (at 660 nm) of all three cultures were within the ranges indicated by brackets. The fatty acid comg positions of the lipid extracts from samples harvested during log and sporulating stages (3 and 12 hr, respectively) are in Table 2 . a B. megaterium was grown at 37 C with vigorous shaking in supplemented nutrient broth, with the addition of glucose, L-isoleucine, and L-valine as noted. The culture volume to flask relationship was as follows: experiment 1, 400 ml in 6-liter flask; experiment 2, 2 liters in 6-liter flask; experiment 3, 300 ml in 6-liter flask; experiments 4 to 7, 20 ml in 250-ml flask.
b The cells do not sporulate under these conditions. c Free spores were also examined; they contained fatty acids in the same proportions as found in the sporulating cells. (Table 2 , experiment 3). However, under conditions of poor aeration that prevented sporulation, there was no shift in the br-C15 to br-C14 ratio ( Table 2 , experiment 2). Addition of L-iSoleucine, an anteiso C2N+1 fatty acid precursor, prevented the enrichment of C2N fatty acids during sporulation ( Table 2 , experiments 4 and 5). Conversely, addition of L-valine, an iso C2N fatty acid precursor, accentuated the shift from br-Cl 5 to the br-C14 fatty acids ( Table 2 , experiments 6 and 7). Whereas the presence of isoleucine radically altered the fatty acid composition of the sporulating system, spore development seemed normal and was only slightly delayed and diminished in frequency (Fig. 6) ; valine at levels of 1 or 4 mg/ml also had no strongly deleterious effect on spore development. DISCUSSION Like other members of this genus, B. megaterium contains branched chain pentadecanoic acids (br-C15) as the principal fatty acid components of the growing cell; with the strain under study, br-C15 comprised 60 to 70% of the total. Synthesis of fatty acids and phospholipids continues well beyond the end of log phase and reaches a maximum just before the appearance of refractile sporangia. There is a shift, however, in the proportions of fatty acids. The shift is attributable to synthesis of branched chain tetradecanoic acid (br-C14) during an interval (6 to 10 hr) when there is no net synthesis of br-C15. By the time almost all of the cells have developed refractile spores, br-C14 and br-C15 are present in about equal amounts, and the mature spores reflect this equality of br-C14 and br-C15 in their fatty acid composition. It has been reported that, in B. subtilis, the composition is altered during sporulation from a high level of saturated straightchain fatty acids to a dominance of branchedchain fatty acids (6) . With a strain of B. subtilis (SB133) used in this laboratory, we failed to find elevated amounts of the linear acids but observed instead a distribution resembling that found in log-phase B. megateriwn. This distribution remained constant through growth and sporulation.
The shift in fatty acid ratios during sporulation can be averted or exaggerated by supplying isoleucine or valine, known to be precursors of anteisopentadecanoate and of isotetradecanoate, respectively (5). In isoleucine-supplemented cells, the br-C15 to br-C14 ratio approaches a value of 100, whereas in valine-supplemented cells the br-C15 to br-C14 ratio drops to 0.15. Yet the progress of sporulation and the appearance of spores seem quite normal. Thus, the character of the fatty acid components incorporated into spore structures reflects the state of fatty acids available during sporulation rather than being a welldefined requirement for spore development.
Although we have not completely characterized the branched-chain fatty acid fractions, previous work on the biosynthesis of branched chain fatty acids (5) and analyses of B. megateriwn and other Bacillus species (6) strongly suggest that the br-C14 and br-C16 fractions consist of isotetradecanoate and isohexadecanoate, respectively. The br-C15 and br-C17 fractions are probably mixtures of iso-and antieiso fatty acids of the same chain length.
Fatty acids are distributed equally among the phosphatides, and there is only a slight bias of br-C14 for the 2-acyl position. Although a shift in the br-C15 to br-C14 ratio occurs in all of the phosphatides, there is a suggestion that it is more pronounced and appears earlier in PG. This finding is in keeping with the presumed precursor role of this phosphatide.
A remarkable feature of the fatty acid distribution in spores is the very high proportion, greater than 50%, found in the nonphosphatide fraction. Assuming this fatty acid fraction to represent neutral lipid, it is relative to phospholipids, four times as abundant in spores as in vegetative cells. A better characterization of this lipid fraction remains to be determined, and some insight into its significance for the structure and function of the spore remains to be gained.
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